We have hypothesized that lung damage occurring in the peri-bone marrow transplant (BMT) period is critical for the subsequent generation of idiopathic pneumonia syndrome (IPS), a major complication following human BMT. The proinflammatory events induced by a common pre-BMT conditioning regimen, cyclophosphamide (Cytoxan ® ) (Cy) and total body irradiation, were analyzed in a murine BMT model. Electron microscopy indicated that Cy exacerbated irradiation-induced epithelial cell injury as early as day 3 after BMT. Allogenicity was an important contributing factor to lung injury as measured by lung wet and dry weights and decreased specific lung compliance. The most significant pulmonary dysfunction was seen in mice receiving both allogeneic T cells and Cy conditioning. IPS was associated with an influx of T cells, macrophages, and neutrophils early post-BMT. Hydroxyproline levels were not increased, indicating that the injury was not fibrotic early post-BMT. As early as 2 h after chemoradiation, host macrophages increased in number in the lung parenchyma. 
Introduction
Of the nongraft-versus-host disease (GVHD) 1 deaths that follow bone marrow transplantation (BMT), ‫ف‬ 40% of the mortality is attributable to idiopathic pneumonia syndrome (IPS). Although the term has been used interchangeably with interstitial pneumonitis, its intended use is for those conditions of respiratory insufficiency and inflammation after BMT for which no microbial agent can be identified (1) . IPS accounts for the majority of complications involving the lung in the early post-BMT period. Although there is a higher incidence of pulmonary toxicity in humans receiving intense conditioning regimens, these treatments, nevertheless, are beneficial in preventing relapse and promoting BM engraftment in human and rodent studies (2) (3) (4) (5) (6) (7) . While the risk of developing IPS may be directly related to the degree of pre-BMT conditioning (i.e., chemotherapy, irradiation) and the severity of GVHD after BMT (i.e., allogenicity) (6, 8) , how allogeneic T cells alter the course of IPS generation in the early post-BMT period have not been examined previously. As the mechanisms responsible for IPS are poorly understood, the aim of this study was to determine the type and degree of lung injury in the early post-BMT period.
Recently, increasing emphasis has been focused on the association of inflammatory cytokines and lung disease that follow BMT. Interstitial pneumonitis and alveolitis have been shown to be correlated with increased levels of TNF ␣ mRNA in the lungs of allogeneic BMT recipient mice, which were partially blocked by anti-TNF ␣ antibody (9) . This correlation also has been observed in humans before the development of IPS (10) . Other acute proinflammatory cytokines such as IL-1 ␤ and IL-6 have been implicated in lung disease models. The intratracheal administration of endotoxin induced IL-1 ␤ and IL-6 in addition to TNF ␣ , concomitant with the generation of acute lung inflammation (11) (12) (13) . Neutralization of TNF ␣ or IL-1 ␤ with soluble TNF receptor protein and IL-1 receptor antagonist, respectively, inhibited acute inflammation in the lung (12) . Studies of bronchoalveolar lavage (BAL) fluids in mice after BMT across minor histocompatible differences demonstrated that increased levels of TNF ␣ and endotoxin (lipopolysaccharide) at 6 wk after BMT were associated with lung damage and IPS generation (14) . The early proinflammatory events in the lung parenchyma which lead to IPS generation after BMT have not been extensively examined.
Among the spectrum of pathological changes seen in pa-tients with IPS, fibrotic lung injury is a recurring theme. In the response of the lung to toxic injury, type I epithelial pneumocytes are most sensitive to death from injury and type II cells proliferate to replace them. If the extent of damage to type II cells exceeds the ability for reepithelialization, the deposition of extracellular matrix (collagen) and fibrosis ensues (15, 16) . Transforming growth factor beta (TGF ␤ ) is considered one of the key mediators of the fibrotic process and wound healing (17, 18) . TGF ␤ production in the lung has been associated with collagen formation and pulmonary fibrosis in mice and humans (19) (20) (21) (22) (23) (24) . We have focused on the very early proinflammatory and immune-mediated destructive events in the context of a commonly used pre-BMT conditioning regimen (25) , consisting of cyclophosphamide (Cytoxan ® ) (Cy) and total body irradiation (TBI), and the presence of allogeneic T cells. This regimen was shown previously by this laboratory to be well-tolerated in the early post-BMT period and biologically effective in facilitating alloengraftment (5) . Determination of the early proinflammatory events in the lung will aid in the development of strategies to block the development of IPS before the impairment of pulmonary function reaches an irreversible state.
Methods
Mice. Female B10.BR (H2 k ) mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and C57BL/6 (H2 b ) were purchased from the National Institutes of Health (Bethesda, MD). Mice were housed in microisolator cages in the SPF facility of the University of Minnesota and cared for according to the Research Animal Resources guidelines of our institution. For BMT, donors were 4-6 wk of age and recipients were used at 8-10 wk of age. Sentinel mice were found to be negative for 15 known murine viruses including those that can contribute to pneumonitis (e.g., CMV, pneumonia virus of mice, K-virus) by our animal facility during repeated extensive evaluations over the study period. In addition, representative mice receiving cytotoxic therapy in combination with immune suppression (i.e., Cy/TBI) were examined and found to have no evidence of viral-induced pathology.
Bone marrow transplant. Our BMT protocol has been described previously (26). Briefly, B10.BR (for allogeneic BMT) or C57BL/6 mice (for syngeneic BMT) were lethally irradiated the day before BMT (7.5 Gray TBI) by x ray at a dose rate of 0.41 cGy/min as described (27) . Donor C57BL/6 BM was T cell depleted (TCD) with anti-Thy 1.2 mAb (clone 30-H-12, rat IgG2 b , kindly provided by Dr. David Sachs, Massachusetts General Hospital, Boston, MA) plus complement (Nieffenegger Co., Woodland, CA). 30-40 recipient mice per treatment group were transplanted via caudal vein with 20 ϫ 10 6 TCD C57BL/6 (H-2 b ) marrow with or without 15 ϫ 10 6 NK celldepleted (PK136, anti-NK1.1 plus complement) spleen cells (BMS) as a source of GVHD-causing T cells. A parallel set of mice also received Cy (Cytoxan ® ; Bristol Myers Squibb, Seattle, WA) 120 mg/kg per day as a conditioning regimen pre-BMT on days Ϫ 3 and Ϫ 2. A cohort of mice from each group (eight per group per experiment) was monitored for survival and clinical evidence of GVHD (i.e., body weight, ruffled fur, cachexia, alopecia, and diarrhea). In other experiments, an additional cohort (2-3 mice per group) was studied for lung compliance and total lung capacity (see below).
Lung weights. Mice were killed with sodium pentobarbitol and the thoracic cavity was partially dissected. Lungs were perfused with 1.0 ml saline via the right ventricle of the heart. To maximize use of mice, the left lung (bilobed) was used for weight determinations while the right lung was processed for histopathology (see below). For each mouse, the wet weight was taken immediately after left lung removal from the thorax. Lungs were dried overnight to a constant weight at 80 Њ C followed by determination of dry weights. The wet/dry weight ratio was calculated and taken as a measure of the severity of lung injury (28) . No correction for extravascular blood content was used in the calculations.
Hydroxyproline (OH-proline) levels. Lungs analyzed for wet/dry weight ratios were also used for OH-proline determinations as a measure of collagen deposition using established procedures (29) . Dried lung tissue was hydrolyzed in 6 N HCl for 16 h at 110 Њ C under vacuum and total OH-proline content was determined by colorimetric assay based on the oxidation of 4-OH-L -proline to pyrrole and its subsequent reaction with p -dimethylaminobenzaldehyde to form a chromaphore that was quantitated by spectrophotometry at an absorbance of 560 nm.
Pressure-volume curves. After full heart-lung excision, the lungs were suspended via the trachea and kept moist with saline. Pressure/ volume (P/V) curves of air-and liquid-filled lungs were determined according to standard procedures (30, 31) . Air was delivered into the lungs via a tracheal cannula in 0.05 ml increments with a syringe while measuring intratracheal pressure with a transducer until 25-30 cm H 2 O pressure was reached (total lung capacity). Air was then withdrawn in 0.05 ml increments until pressure was atmospheric. This was repeated three times and data was procured from the third series. The lungs were then degassed in a vacuum and a series of 3 P/V loops performed with PBS during which the lungs were completely immersed in PBS. Specific lung compliance was calculated from the slope of the third deflation P/V curve from points flanking 5 cm H 2 O pressure (which is considered normal breathing range) as follows, where volume is in milliliters, pressure is in centimeters of H 2 O, and Av volume is the average volume over the pressure range used to generate the slope of the P/V curve (i.e., ⌬ Volume/ ⌬ Pressure).
Electron microscopy. Small pieces (2-3 mm 3 ) of lung tissue were fixed in 2% glutaraldehyde for 1-2 d at 4 Њ C followed by postfixation in 1% osmium tetroxide (EM Sciences, Fort Washington, PA) in 0.1 M sodium cacodylate buffer for 1 h, dehydrated in graded ethanol and propylene oxide and embedded in Epon 812 (EM Sciences). Sections were cut at a thickness of 600 nm, stained with uranyl acetate/lead citrate (EM Sciences) and examined with a Philips 301 electron microscope.
Frozen tissue preparation. After removal of the left lung for lung weights, the cut bronchus was clamped and a mixture of 0.5 ml optimal cutting temperature medium (OCT; Miles Laboratories Inc., Elkhart, IN)/PBS (3:1) was infused via the trachea into the right lung. The lung, in addition to other GVHD target organs such as the spleen, colon, and liver were arranged in aluminum foil cups, snapfrozen in liquid nitrogen and stored at Ϫ 80 Њ C. Since two separate dissection teams worked on each mouse, lung perfusions, lung separations, dissections, and freezing were achieved in under 8 min per mouse to ensure maximal quality of frozen specimens.
Immunohistochemistry. Frozen sections were cut 4-m thick, mounted onto glass slides, and fixed for 5 min in acetone. After a blocking step in 10% normal horse serum (Sigma Chemical Co., St. Louis, MO), immunoperoxidase staining using biotinylated mAbs was performed essentially as described (32) using avidin-biotin blocking reagents, ABC-peroxidase conjugate and DAB chromogenic substrate purchased from Vector Laboratories, Inc. (Burlingame, CA). The biotinylated mAbs used were as follows: anti-CD3 (clone F500A2), anti-CD4 (clone GK1. 
In situ hybridization. This procedure has been described in detail elsewhere (33 IN] ), sections were hybridized, under a sealed coverslip, overnight at 50 Њ C with digoxigenin-labeled antisense RNA probes (transcribed off of bacterial promoter-containing plasmids) complementary to mRNAs of cytokines. The corresponding ribonucleotide sequences used were: 1-1339 for IL-1 ␤ , 1-1110 for TNF ␣ , and 1-985 for TGF ␤ . Excess riboprobe was removed and tissue sections were washed in preparation for immunological detection of digoxigenin-labeled RNA duplexes with antidigoxigenin antibody (alkaline-phosphatase conjugated; Boehringer Mannheim Biochemicals). After color development, sections were mounted in aqueous medium (Gelmount; Biomeda Corp., Foster City, CA). Positive cells were quantitated as described above.
Serum cytokine level determination. At the time of killing, blood was collected by cardiac puncture, placed immediately at 4 Њ C, the serum separated at 4 Њ C and stored frozen at Ϫ 80 Њ C. Circulating levels of IL-1 ␤ , IL-6, IFN-␥ , TNF-␣ , and TGF ␤ (free and bound) were determined by ELISA using kits (R&D Systems, Minneapolis, MN) specific for mouse cytokines, except for TGF ␤ , which was determined using a cross-reacting human TGF ␤ kit. For determination of total TGF ␤ , samples were first acidified with 0.1 N HCl to release bound TGF ␤ from its latent form.
Statistical analysis. Kaplan-Meier plots of survival data were analyzed by Mantel-Peto-Cox summary of Chi square (34) . Other data were analyzed using a Student's t test. Probability ( P ) values Յ 0.05 were considered statistically significant. Correlation coefficient determinations were done using MS Excel 5.0™ statistical software.
Results

Acceleration of IPS, GVHD, and lethality by Cy.
Since the majority of BMT protocols in humans entail the use of Cy and TBI as a preconditioning regimen, experiments were set up to compare the effects of the combined regimen with TBI alone. The dose of Cy used (120 mg/kg per day for 2 d) was previously shown by this laboratory (5) to be well-tolerated in the early post-BMT period and biologically effective in facilitating the engraftment of TCD allogeneic BM when combined with 7.5 Gray TBI. For these reasons, the same Cy/TBI dose schedule was maintained for relevance to the study of IPS. ) BM with or without spleen cells (BMS) as a source of GVHD-causing T cells. The addition of Cy (120 mg/kg per day) on days Ϫ 3 and Ϫ 2 as a conditioning regimen pre-BMT significantly accelerated mortality ( P Ͻ 0.0001) compared to the GVHD control group (BMS). These early GVHD-induced deaths, accelerated by Cy, were dependent on the presence of allogeneic T cells since recipients of syngeneic BMS given Cy exhibited 100% survival in the same post-BMT period (not shown).
H&E staining of cryosections of lungs removed on day 7 after BMT (Fig. 2) show some edema of adventitial space with variable cellular infiltration and interstitial thickening with decreased alveolar septal size in mice receiving Cy/TBI. Since these changes were interspersed with normal appearing lung tissue, these findings are equivalent to grade 2 (out of 8) lung fibrosis (35) . Evidence of mononuclear cell adhesion and diapedesis through the vasculature was seen in the lungs of mice receiving BMS that was amplified by Cy resulting in perivascular infiltrates with thickness of 1-3 cells resembling mild acute rejection that could be given a score between grades 1 and 2 (36) . Mice receiving Cy/TBI and BMS that survived to days 10-14 after BMT exhibited increased lung pathology, while TBI mice given BMS exhibited increased pathology as they neared the moribund state at days 25-50 post-BMT (not shown). To document earlier lung changes, lungs taken on day 3 after transplant were evaluated by light and electron microscopy. Although histologic changes were not identifiable by light microscopy on day 3 after BMT (not shown), electron microscopy revealed that changes were, in fact, evident at this early time point. Fig. 3 , A and C reveal some minor edema of endothelium attributable to the irradiation regardless of whether T cells were given in the inoculum. The addition of Cy, in general, caused more edema and blebbing of epithelial and endothelial cells in a focal, rather than a diffuse, pattern (Fig. 3 B ) . As expected, the most severe injury was seen in the BMS group given Cy plus TBI (Fig. 3 D ) . The lungs of these mice exhibited increased cellularity with areas of lung tissue destruction and exudation of proteinaceous debris. Again, this was in a focal pattern that was interspersed with areas of normal appearing lung tissue. These histologic findings of pulmonary injury with congestion and focal inflammatory infiltrates are consistent with the generation of IPS in our model and may be described as early diffuse alveolar damage fitting the pattern of IPS histopathology seen in patients. IPS was potentiated by Cy and accelerated by allogeneic T cells.
Cy also caused a late-induced lethality in mice receiving TCD BM only (Fig. 1 A , P Ͻ 0 .0001 compared to TCD BM Figure 1 . Acceleration of mortality (A) and weight loss (B) by Cy after allogeneic BMT. B10.BR recipient mice (n ϭ 8 per group) were lethally irradiated (7.5 Gy) on day Ϫ1 and infused on day 0 with C57BL/6 BM either with BMS or without spleen cells as indicated. Groups treated with Cy received 120 mg/kg per day on days Ϫ3 and Ϫ2. The BMS ϩ Cy group exhibited an accelerated mortality (P Ͻ 0.0001) compared to the BMS group. recipients without Cy). These data are consistent with a clinical course of Cy-induced pulmonary toxicity. However, histologic assessment of GVHD target organs from these lateinduced deaths revealed an inflammatory process localized mainly to the basal layers of the small intestine with no involvement of the colon and only mild mononuclear cell infiltration in the lung. This is in contrast to early post-BMT deaths that had overt signs of GVHD-mediated colitis, as well as acute mononuclear cell infiltration with tissue injury, into the liver, lung, skin, pancreas, kidney, and spleen. Mice dying of late-induced toxicity did not exhibit evidence of BM aplasia since hematocrit values at 6 wk after BMT were not affected by Cy (46.8 Ϯ 1.8 versus 46.0 Ϯ 3.0, eight mice per group). Although this late toxicity of Cy is not the focus of this study, from the histologic assessment and the prolonged lag-phase between weight loss and mortality, it is speculated that these mice may be dying of a malabsorption problem that may be enhanced by insufficient food intake because of incisor tooth abnormalities caused by Cy in rodents but not humans (37, 38) .
Cy and T cell-induced lung injury after BMT manifests as physiological derangement rather than barrier disruption. To determine whether the lung injury induced in the early post-BMT period involved a disruption in the blood-gas barrier, and therefore edema, the wet/dry weight ratios were calculated (Table I ). The data of Table I , representative of four experiments, show that wet/dry ratios did not differ significantly among the treatment groups, even when the data were pooled according to whether the mice were given Cy or not. Since this ratio does not always reflect lung injury because of differences in cellularity (28), we compared wet lung weights alone and dry weights alone among the groups from days Ϫ 2 to ϩ 10 (data for time points before day 7 not shown) . Increased wet weights began to appear on day 7 in all groups, although there was a high degree of variability and statistical significance was achieved only in TBI or Cy/TBI BMS mice (P Ͻ 0.001) that survived until at least day 10. With respect to dry weights, values diverged at day 7 after BMT for mice receiving splenic T cells (P Ͻ 0.05) regardless of whether the mice received Cy. These data suggest that Cy conditioning does not significantly increase the wet weight (because of increased cellularity and edema) or dry weight (because of cells, proteinaceous debris, or extracellular matrix deposition) in our model. Evidence of barrier injury seen by electron microscopy on day 3 was not of sufficient magnitude or frequency to be detected by lung weight measurements at this time point.
To assess other physiological changes in the lung induced by the conditioning regimens and BMT, we measured total lung capacity and compliance. Fig. 4 shows the deflation limbs of the P/V loops of lungs taken from representative experimental animals on day 7 after BMT compared to a control P/V range generated from five unmanipulated mice (gray). The summary and statistical evaluation of data from three experiments for specific compliance in air and saline and total lung capacity are shown in Table II . Specific compliance in air was decreased for mice receiving BMS (P Ͻ 0.05 versus normals) regardless of whether they received Cy. In fact, comparison of groups receiving T cells versus those that did not was highly significant (P ϭ 0.005). In contrast, comparison of groups according to whether they received Cy or not was not significantly different (P ϭ 0.97). A statistically significant difference (P Ͻ 0.05) was found in the decreased specific compliance when saline was used to fill the lungs only in Cy/TBI mice receiving BMS. When compliance is measured in this way, alveolar surface tension effects are eliminated, suggesting that in Cy/TBI BMS recipients there were alterations in tissue elastic recoil (possibly due to increased elastin and collagen deposition). In summary, the presence of donor splenic T cells was the major determinant of a decrease in lung compliance, and changes in surface tension (i.e., alveolar surfactant level and function) may have been contributing factors. In addition, Cy/TBI treatment, but only in combination with allogeneic T cells, precipitated a decrease in the tissue elastic recoil properties of the lungs.
The decrease in total lung capacity was most pronounced for groups receiving TBI or Cytoxan/TBI with BMS (P Ͻ 0.01) that could compound the respiratory insufficiency already seen in these groups. Mice receiving Cy but no splenic T cells also differed from controls but to a lesser degree of significance (P Ͻ 0.05). These data imply that immune-mediated mechanisms may be stronger determinants of early post-BMT pulmonary dysfunction as compared to Cy/TBI conditioning regimens.
To determine the extent to which the lung injury induced was fibrotic, lung OH-proline levels were measured as an index of collagen deposition. No dramatic changes in OH-proline levels were caused by any of the treatments in allogeneic transplants at any time point before or after BMT, even as long as 3 mo after BMT in either allogeneic or syngeneic recipients (not shown). The histologic data indicate that our model induces a congestive-type of lung injury with phases of acute inflammation resembling rejection, but not fibrosis, at the time points studied.
Early cellular events lead to IPS. To begin to understand how Cy and allogeneic T cells contribute to IPS generation, the early cellular and proinflammatory processes (see below) were analyzed in recipients during the peri-BMT period. Immunoperoxidase stains of TBI BMS recipient lungs from day 7 after BMT revealed increased frequencies of CD3 positive T cells (CD4 ϩ and CD8 ϩ ) in perivascular, peribronchiolar, and interstitial locations accompanied by increases in Mac-1 positive cells (Fig. 5 A) . These increases were not seen in recipients of allogeneic BM only or syngeneic controls (Fig. 5 B) . The Mac-1 positive component was comprised mostly of monocyte/ macrophage lineage cells since fewer Gr-1ϩ neutrophils were seen, albeit in higher frequency than seen in normal lung. Interestingly, the Mac-1 positive cells were of host origin (Fig. 5) . Because there was an intense staining for B7-1 at the sites of increased Mac-1 positive cells, the colocalization of T cells and macrophages sets the stage for antigen presentation to and costimulation of allogeneic T cells in the lung. This situation was virtually absent in syngeneic controls (Fig. 5 B) . Thus, a critical feature of the early cellular events associated with IPS generation are the abundance of host monocytes/macrophage lineage cells, juxtaposed to T cells, providing evidence that the conditions for alloresponse in the lung may be conducive to the subsequent development of IPS.
T cells are responsible for enhancement of lung macrophage activity. Since T cells and macrophages were colocalized in the lung, we wanted to determine whether the addition of allogeneic T cells to the BM inoculum affected the lung macrophage population. Fig. 6 A shows that on day Ϫ1 (lungs were taken 2 h after irradiation), the initial tissue damage due to irradiation caused a moderate increase in total lung Mac-1 positive cells (P ϭ 0.08 versus normals) which was enhanced by Cy (P ϭ 0.019 versus normals). In the post-BMT period, the numbers of macrophages did not continue to increase significantly unless allogeneic T cells were given as part of the BM inoculum (Fig. 6 A, day 7, P ϭ 0.0026 versus BM only groups). These macrophages were of host origin (IA k ) as demonstrated by immunohistochemical staining with mAbs to MHC class II. No donor class II was observed in the lungs of any treatment group at this time although both host and donor MHC class II were present in the spleens of all mice. As an additional control on the effects of the BMS inoculum, donor cells were given to allogeneic recipients without TBI or Cy and were rejected by day 3 after injection as evidenced by lack of staining for donor positive cells in the spleen (not shown). Also, for this control group, no increases in host monocytes, or MHC class II were seen in the lungs on days 3 or 7 after injection (not shown) compared to either unmanipulated mice or syngeneic Figure 4 . Deflation limbs of P/V loops of lungs of experimental mice from day 7 after BMT compared to control P/V range (gray shading) generated from 5 age-matched control mice. Curves of representative mice from experimental groups were shifted down and to the right and statistical significance was achieved with mice given BMS regardless of whether they received Cy. See Table II for data summary. Lungs were excised en bloc with the heart from mice on day 7 after BMT and P/V loops performed as described. Numbers in brackets indicate number of mice in group. Three experiments are represented. *P Ͻ 0.05 compared to age-matched normal control mice. ‡ P Ͻ 0.01 compared to age-matched normal control mice. Figure 5 . Characterization of lung infiltrates by immunoperoxidase staining of lungs of TBI conditioned recipients given BMS. Lung tissues were taken on day 7 after BMT from allogeneic (A) and syngeneic (B) B10.BR recipients given C57BL/6 or B10.BR donor cells, respectively. Frozen sections were incubated with biotinylated mAbs with specificities as indicated and developed with peroxidase-conjugated avidin-biotin complex and DAB chromogen (methyl green counterstain). ϫ100, resolution power equivalent to 40ϫ objective lens. transplant controls. The number of host MHC class II-expressing cells in the lung was increased significantly in mice receiving TBI and allogeneic BMS (Fig. 6 B, P ϭ 0.0001 versus BM only groups on day 7). Cy/TBI treatment appeared to accelerate this increase but only in the presence of donor T cells (on day 3, P ϭ 0.1 versus BMS without Cy). This increase in MHC class II was accompanied by the expression of the T cell costimulatory molecules B7-1 and B7-2 (Fig. 7 , correlation coefficients r 2 ϭ 0.82 and 0.77, respectively). B7-1 was the predominant B7 molecule expressed in the lung (see Figs. 5 and 7) . The expression of B7-1 was highest in mice receiving allogeneic T cells and was rarely seen in syngeneic controls, lending further support for the importance of immune-responsive elements in the initial phase of IPS generation in our mouse model.
Cy increases the frequency of TGF␤-transcribing cells in the lung while T cells are responsible for increased systemic levels of IL-6, IFN␥, and TNF␣.
In situ hybridization was performed to determine whether proinflammatory cytokine mRNA was induced at the time of cellular infiltration. Analysis of cytokine mRNA expression on day 7 after BMT revealed the presence of a low (but higher than normal) frequency of cells (Ͻ 1% of nucleated cells) transcribing mRNA for the inflammatory cytokines IL-1␤ and TNF␣ in TBI BMS mice (not shown). This frequency was not increased by Cy treatment but cells transcribing these mRNAs were seen earlier post-BMT (day 3) in Cy/TBI BMS recipients. By far, the most frequently seen cytokine-transcribing cell was that for TGF␤ 1 , the frequency and intensity of which was higher in TBI BMS mice (Fig. 8 a) than in normal non-BMT controls (Fig. 8 d) . Staining frequency and intensity for TGF␤ was increased if Cy was included with the conditioning regimen (Fig. 8, b and c) . TGF␤ production was seen in cells surrounding the vasculature, cells in the lung parenchyma and also in bronchiolar epithelial cells (see Fig. 8, a-c) . Fig. 9 shows that the frequency of TGF␤-transcribing cells was increased early in Cy/TBI treated groups (P ϭ 0.019 versus TBI, day Ϫ1) and then dropped to normal levels by day 7. For mice not receiving Cy, the frequency of TGF␤ mRNA positive cells was increased only in mice receiving BMS (P ϭ 0.01 versus BM only group) and was not seen at high levels until day 7 after BMT. In mice not receiving either Cy or TBI, the injection of allogeneic BMS cells was found to not affect the frequency of TGF␤ mRNA positive cells in the lung (not shown). Since cytokines present in the circulation, in addition to those produced in situ in the lung, may affect cellular activation and function, we determined the serum levels of the inflammatory cytokines IL-1␤, IL-6, IFN␥, TNF␣, and TGF␤ on day 7 after BMT. The data presented in Table III show that the presence of T cells in the BMT inoculum was responsible for increased levels of IL-6, IFN␥, and TNF␣. Groups receiving Cy had the highest serum levels of IL-1␤ and free TGF␤. 
Discussion
We have focused on the critical early proinflammatory events occurring in the peri-BMT period that may promote the generation of IPS. The early phases of IPS induction in our murine model were associated with an increase in the lung host macrophage population, upregulation of T cell costimulatory ligands and induction of inflammatory proteins conducive to the recruitment and activation of macrophages. The presence of costimulatory molecules such as host MHC class II, B7-1 and B7-2, implicate these lung macrophages as likely mediators of antigen presentation and costimulation of the donor T cells colocalized with them. Frequencies of cells transcribing the inflammatory proteins TNF-␣, IL-1␤, and especially TGF␤ were increased as assessed by in situ hybridization. Cy accelerated this cellular and cytokine cascade. Because the exacerbation of macrophage activation and severity of IPS was dependent on allogeneic T cells, our data strongly imply that the immune system plays a critical role in the pulmonary events leading to IPS generation. Importantly, the fact that significant lung injury is present in the peri-BMT period emphasizes the need for very early therapeutic intervention before the damage of IPS becomes profound and irreversible.
The presence of increased numbers of host macrophages in the damaged lung tissue in the peri-BMT period could have important implications for understanding the etiopathogenesis and for designing therapeutic modalities that will affect IPS development. It is not clear whether the host macrophages are being recruited to the lung or are proliferating in situ. The in situ proliferation of lung macrophages after damage induced by bleomycin and hyperoxia in hamsters (39) as well as an increase in the proportion of proliferating macrophages in chronic lung inflammation in humans (40) have been demonstrated. Conversely, the migration of inflammatory cells through the vasculature into the lung induced proliferation of type II cells in the absence of morphological injury to the lung (41) . Studies of the response to intratracheal antigen challenge in mice demonstrated that the recruitment of inflammatory cells into lung parenchyma and alveoli was dependent on CD4 ϩ T cells, underlining the importance of antigen-driven responses in amplifying the inflammatory response (42) . The expression of a monocyte chemotactic factor, RANTES, resulted in the recruitment of monocytes to the lung as evidenced by perivascular cuffing (43) . This histological feature was also seen in this study.
These two mechanisms (recruitment and in situ proliferation) resulting in increased host lung monocytes may not be mutually exclusive. However, we favor the former for several reasons. First, lung macrophages were increased as early as 2 h after TBI which would be insufficient time for in situ proliferation. Second, conditioning with TBI would have all but eliminated the proliferative capacity of the host monocytes. Third, an increased frequency of cells expressing mRNA for TGF␤ , a known chemoattractant for monocytes, implicates this molecule as responsible at least in part for the observed recruitment in macrophages (44, 45; for review see 46) . In this study, mice analyzed in the early post-BMT period exhibited a marked increase in the frequency and staining intensity (i.e., mRNA copy number) of TGF␤-producing cells that was further accelerated by Cy, even in the period immediately preceding BMT. This is consistent with previous findings of the early induction of monocyte chemotactic factors in the lung by Cy in rats (47) . Thus, the damage caused by the metabolic products of Cy causes an increase in the monocyte chemotactic potential of *All cytokine levels are in pg/mlϮSD and determined from serum taken on day 7 after BMT, four mice per group (pooled data from two experiments are shown). ‡ Free TGF␤ is determined from nontreated serum whereas total TGF␤ is determined after acidification with HCl, according to manufacturer's directions, to release TGF␤ from its latency associated peptide. § P Ͻ 0.05 compared to age-matched normal control mice. the lung, prematurely priming it for its encounter with the existent circulating monocytes and the imminent BM inoculum.
The pattern of staining for TGF␤ mRNA we observed in the interstitium and bronchiolar epithelium is consistent with the data of Pelton et al. (48) and Corrin et al. (49) in studies of patients with fibrosing lung disorders. Since circulating cytokines may also affect cellular activation in the lung, we determined the serum levels of TGF␤ and other inflammatory cytokines on day 7 after BMT in our four treatment groups. We found that regardless of the presence of T cells, Cy administration was associated with the highest levels of circulating free TGF␤ (rather than in its bound latent form) probably through monocyte/macrophage activation in response to the Cy-induced tissue damage. In fact, at this time point, the ratio of free/total TGF␤ is increased sixfold in the Cy/TBI treated groups (free/total ratio of 0.006 versus 0.001, P ϭ 0.003) compared to the TBI groups whose ratios were not different from unmanipulated control mice. This is suggestive of a high level of secretion and enzymatic activity from TGF␤ receptor-bearing (mannose-6-phosphate receptor) cells. Indeed, high levels of TGF␤ are now considered predictive of systemic and lung fibrosis in mice (50) and humans (51, 52) .
TGF␤ preferentially induces the development of Th1 cells, i.e., those producing IL-2 and IFN␥ (53) . The presence of high circulating levels of IFN␥ was dependent on the addition of allogeneic T cells to the BM inoculum. IFN␥ has been demonstrated to suppress the production of collagen by lung fibroblasts (54) and may be responsible for the lack of collagen increase in the face of the lung injury induced in our model. Since IFN␥ increases MHC class II expression, this may account for the significant levels of host MHC class II seen in the lungs of BMS mice. Of the other cytokines measured on day 7 post-BMT, only IL-6 increased in response to the irradiation (or the transplant of BM) but not to a statistically significant degree. TNF-␣ and IL-1␤ may have peaked and subsided earlier as has been shown previously by Xun et al. (55) . The sustained levels of these cytokines in the other treatment groups (i.e., those receiving Cy or allogeneic T cells) highlights the in- tensity of the immune response especially for Cy/TBI mice receiving BMS where all cytokine levels measured were elevated and which displayed the highest mortality rate.
The infusion of allogeneic T cells clearly accelerated the early events associated with lung injury. Histologic analysis of the lungs from day 7 after BMT revealed evidence of extravasation and infiltration of mononuclear cells in mice which received allogeneic T cells (BMS groups) that was compounded by a mild to moderate degree of lung injury in mice receiving Cy/TBI. These findings were not homogeneous, but were seen in a focal pattern interspersed with normal appearing lung parenchyma as evidenced by electron microscopy. Except for edema, no dramatic changes were seen because of irradiation alone. This was expected since the irradiation dose used was below that needed to cause radiation pneumonitis in mice (56) . The greater lung injury seen in mice receiving both TBI and Cy probably resulted from the greater dose intensity of cytoreductive therapy as reported by this laboratory (5) . However this combined treatment is not sufficient without allogeneic T cells to result in persistent lung injury in our model since we could find no evidence of significant lung injury from our analysis of syngeneic recipients. It would be interesting to use lung shielding during irradiation to determine whether irradiationinduced injury is necessary to precipitate the damage induced by allogeneic T cells.
At the same time that donor T cells were infiltrating the lung, host MHC class II antigens were present in abundance. Increases in MHC class II expression have been shown for alveolar macrophages, and proliferating type II alveolar epithelial cells in human pulmonary fibrosis (57, 58). To our knowledge, upregulation of B7 molecules has not been demonstrated previously in the lung after BMT. The molecules B7-1 (CD80) and B7-2 (CD86) are expressed on antigen-presenting cells and provide costimulation to antigen-triggered T cells through the CD28/CTLA4 counterreceptors (59) . In the absence of a costimulatory signal such as that mediated by B7, antigen-triggered T cells become nonresponsive or anergic (60) . Hence, in our murine IPS model, we have demonstrated the presence of all the necessary elements conducive to a localized antigen-driven immune response: tissue damage, host antigen presenting cells, donor T cells, and costimulatory molecules appropriate for preventing the induction of anergy. In our studies on the roles of T cell costimulatory pathways on GVHD after BMT across major histocompatibility barriers, we have demonstrated recently that blockade of the B7 stimulatory pathway can inhibit GVHD-induced lethality (61), but have not yet determined the effect on IPS generation. It is our hypothesis that intervention of such stimulatory pathways as caused by allorecognition will abrogate the development of IPS after BMT.
Although minor increases in OH-proline accompanied decreases in pulmonary compliance and total lung capacity and was accompanied by increases in foci of macrophage infiltrates that became more severe over time, fibrosis was not prominent in this model. The recipient strain we used (B10.BR) may exhibit a delayed manifestation of radiation-induced pneumonitis as shown previously for other strains (56) and may not be as sensitive to Cy-induced fibrosis as BALB/c mice are, for example (19) . A single injection of Cy (100 mg/kg) produced an irreversible fibrosis in the lungs of the sensitive BALB/c mice (62) . In this study, it was found that the presence of allogeneic T cells was the most crucial element in increasing the wet and dry weights of the lungs (measures of blood-gas barrier injury). The same conclusion arose from the determination of specific lung compliance in air and total lung capacity. The presence of allogeneic donor T cells was the major contributor to the impairment of these lung function parameters, implicating immune-mediated mechanisms rather than chemoradiation as the critical injurious elements leading to IPS. Because recipients of allogeneic T cells and Cy/TBI survived for a relatively brief period of time after BMT, the consequences of long-term lung injury induced under conditions most permissive for inducing pulmonary fibrosis and late-onset IPS could not be examined. The significance of lower numbers of allogeneic donor T cells in late onset pulmonary toxicity occurring after LPS injection has been demonstrated in a murine BMT system across minor histocompatibility differences (6, 14) .
Although Cy/TBI preconditioning accelerated the cellular, cytokine, and costimulatory molecule expression in our study, the majority of these effects were only realized in the presence of allogeneic T cells. Therefore, for this murine system, IPS begins with initial tissue damage causing a host monocyte influx which can subside unless further exacerbated by a second wave comprised of host-recognizing T cells. Since some degree of allogenicity may be beneficial for preventing leukemic relapse and promoting BM engraftment in humans, measures to hinder the adhesion, extravasation and recruitment of the cells responsible for the initial inflammatory insult (i.e., monocytes) in the early post-BMT period may provide alternative strategies. Identification of these early events will aid in the targeting of components against which intervention strategies should be directed. Studies investigating these possibilities are currently in progress. 
